Genetic exchange and hybridization in parasitic organisms is fundamental to the exploitation of new hosts and host populations. Variable mating frequency often coincides with strong metapopulation structure, where patchy selection or demography may favor different reproductive modes. Evidence for genetic exchange in Trypanosoma cruzi over the last 30 years has been limited and inconclusive. The reproductive modes of other medically important trypanosomatids are better established, although little is known about their variability on a spatio-temporal scale. Targeting a contemporary focus of T. cruzi transmission in southern Ecuador, we present compelling evidence from 45 sequenced genomes that T. cruzi (discrete typing unit I) maintains sexual populations alongside others that represent clonal bursts of parasexual origin. Strains from one site exhibit genome-wide Hardy-Weinberg equilibrium and intra-chromosomal linkage decay consistent with meiotic reproduction. Strains collected from adjacent areas (>6 km) show excess heterozygosity, near-identical haplo-segments, common mitochondrial sequences and levels of aneuploidy incompatible with Mendelian sex. Certain individuals exhibit trisomy in as many as fifteen chromosomes. Others present fewer, yet shared, aneuploidies reminiscent of mitotic genome erosion and parasexual genetic exchange. Genomic and intra-genomic phylogenetics as well as haplotype co-ancestry analyses indicate a clear break in geneflow between these distinct populations, despite the fact that they occasionally co-occur in vectors and hosts. We propose biological explanations for the fine-scale disconnectivity we observe and discuss the epidemiological consequences of flexible reproductive modes and their genomic architecture for this medically important parasite.
INTRODUCTION
Trypanosoma cruzi is a kinetoplastid parasite and the causative agent of zoonotic Chagas disease (CD) in Latin America, where ca. six million people are currently infected (1) . Mucosal or abrasion contact with the infected feces of hematophagous triatomines constitutes the primary mode of T. cruzi transmission (2) . Infection with T. cruzi results in chronic CD in 30 -40% of cases, characterized by a spectrum of fatal cardiac and intestinal pathologies. Early-stage acute CD can also be fatal, especially among infants and in orally transmitted outbreaks of the disease (3, 4) . T. cruzi transmission is a zoonosis maintained via complex transmission cycles involving numerous species of triatomine insects (5) and hundreds of different species of mammals (6) . Transmission cycles can thus differ markedly across the parasite's wide distribution in the Americas at macro and micro scales.
The Trypanosomatidae, which include several trypanosomatids of medical and veterinary importance -e.g., Trypanosoma brucei ssp., Leishmania spp., Trypanosoma vivax and Trypanosoma congolense, in addition to T. cruzi -are a monophyletic group of obligate parasites (7) . The Trypanosomatidae are basal eukaryotes and share many biological idiosyncrasies, including the kinetoplast (8) and polycistronic transcription control (9) . Despite their basal status, the Trypanosomatidae share much of the core meiotic machinery of 'higher' eukaryotes (10) . Nonetheless, evidence of the extent to which such machinery might remain active in trypanosomatids has been difficult to obtain and often conflicting despite the importance of such process in the spread of epidemiologically relevant traits (e.g., drug resistance or virulence in different hosts (11) (12) (13) ). Frequent meiotic recombination in T. b. brucei has been established in the laboratory and field for several decades (14) (15) (16) . More recently, genome-scale signatures of meiosis have also been detected in T. congolense (17) . In contrast, robust genomic evidence suggests the closely related T. b. gambiense is completely asexual (18) . Life histories in Leishmania seem no less complex, with alternating sexual and asexual recombination proposed to explain population genomic structures (19) , although meiotic exchange is well supported in experimental crosses (20) .
T. cruzi is the last of the 'Tritryps' for which the extent and mechanism of genetic exchange remains to be fully elucidated. Limited evidence for genetic exchange has been observed in the field (21) , although inappropriate study designs and markers systems of insufficient resolution hamper interpretation of the data (11) . Furthermore, the parasexual mechanism of genetic exchange proposed in the laboratory -one of genotypic 'fusion-then-loss' (22) -has been difficult to reconcile with field research via measurement of somy variation in contemporary populations or genetic composition of ancient hybrid lineages (21, (23) (24) (25) (26) . This lack of clarity has lead some to propose T. cruzi as a paradigm for 'predominant clonal evolution' in parasitic protozoa (27, 28) -an idea which may not reflect biological reality.
To address this major knowledge gap in the biology of trypanosomatids, we generated whole-genome sequence data from 45 T. cruzi Discrete Typing Unit I clones, as well as several non-cloned T. cruzi strains, collected from triatomine vectors and mammalian hosts in an endemic transmission focus in Loja Province, southern Ecuador. After mapping sequences against a recent PacBio sequence assembly (29) , we explored patterns of population structure and genetic recombination. Our data reveal that T. cruzi does indeed reproduce sexually at high frequency via a mechanism consistent with classical meiosis. However, we also demonstrate that parasite populations with radically distinct, parasexual population structures can exist in near-sympatry alongside those that are panmictic. Our data make a significant contribution towards the consolidation of current theories around genetic exchange in the Trypanosomatidae.
RESULTS

Extensive divergence between sympatric parasites
Paired-end sequence reads from 45 single-strain and 14 non-cloned T. cruzi cultures aligned to the T. cruzi TcI X10/1 Sylvio genome assembly at 27x average mapping depth. After variant filtration and masking (see Materials and Methods), 206,619 SNP sites were identified against the reference. Excluding non-cloned T. cruzi cultures, 130,996 diagnostic markers were identified that clearly separated the 45 clones into two phylogenetic clusters (Fig. 1a and Fig. S1a ). Cluster 1 contained 15 of 17 isolates from the 'Bella Maria' (BM) sampling region. Cluster 2 contained all isolates from nearby 'Ardanza' (AR; n = 11; <7 km from BM), as well as isolates from 'El Huayco' (EH; n = 12) and 'Gerinoma' (GE; n = 3) study sites ca. 35 km northwest of BM (Fig. 1a (inset) ; see also spatial coordinates in Tbl. S1). Unsupervised k-means cluster selection (30) confirmed a single major partition (i.e., k = 2) in the data, though mild improvements to model fit continued through k = 6 (Fig.  S8a) . To describe such additional substructure, we reconstructed each phased genome as a mosaic of haplo-segments sharing ancestry with other samples of the dataset (including non-cloned samples) (31) . In the resultant co-ancestry matrix (plotted as a heatmap with FST scores in Fig. 1b) , intensity of haplotype-sharing increased within both clusters relative to the spatial origin of each isolate, with the exception of TCQ_3087 (sampled in BM but associated to Cluster 2) and TRT_3949 clones (sampled in Santa Rita (SR), near EH, but associated to Cluster 1). Four non-cloned samples TBM_4307_MIX, TBM_3131_MIX, TRT_4082_MIX (cultured from Rhodnius ecuadoriensis) and MBC_1529_MIX (cultured from Simosciurus nebouxii) showed shared ancestry across clusters, indicating that parasites from divergent Clusters 1 and 2 co-occur in the same vectors and hosts.
Sympatric Mendelian and non-Mendelian population genetic signatures
To explore eco-evolutionary processes potentially underpinning sympatric divergence in T. cruzi, we established population genetic structure in each partition. In BM isolates of Cluster 1, allele frequencies at variable loci matched those predicted for random mating, with inbreeding coefficients distributed thoroughly over zero (x ̅ = -0.11, σ = 0.38; Fig. S2 ) and 87,600 of 96,691 (91%) variant loci meeting expectations for Hardy-Weinberg equilibrium (Tbl. 1). Heterozygosity was unevenly distributed (e.g., Fig. S3 ), often interrupted by long runs (>100 kb) of homozygosity (4,675 instances in total (Tbl. S2)) and appeared fixed at only 4% (2,134 / 58,102) polymorphic sites (Tbl. 1). Singlenucleotide variants were often found exclusive to few or single samples, with >50% variants found in <5% individuals and 14% sites comprising singleton SNPs. Phased 30 kb sequence alignment thus yielded a genome-wide average of 10.3 distinct haplotypes across the BM group (for windowed haplotype counts on chromosome 1, see Fig. S4a ).
The extent and pattern of allelic diversity in Cluster 2 was highly distinct to that observed in Cluster 1. In EH and AR, heterozygosity accounted for 73% and 74% total SNP-variation, respectively, leading to Hardy-Weinberg departures at 42% (EH) and 46% (AR) total sites (Tbl. 1). High levels of heterozygosity extended continuously across all chromosomes (e.g., Fig. S3 ). Long runs of homozygosity affected just 10 of 23 samples (17 instances in total (Tbl. S2)) and heterozygous polymorphism featured largely as non-segregating sites. Seventy-six per cent (44,945 / 58,980) of heterozygous loci occurred as fixed SNPs within EH and 78% (45,287 / 58,392 ) occurred as such in AR. Rare (i.e., observed in <5% individuals) single-nucleotide variants accounted for only 30% (EH) and 29% (AR) total variation. Accordingly, haplotype diversity remained low, with a genome-wide average of 5.6 distinct haplotypes found in phased 30 kb sequence alignment within both EH and AR (see windowed counts for chromosome 1 in Fig. S4a ). Tajima's D values were highly inflated compared to those in BM (Fig. S5) .
Linkage decay and rates of meiotic recombination in T. cruzi
In sexually recombining organisms, pairwise SNP-associations (r 2 ) are predicted to decay with map distance due to crossover that occurs between chromosomes during meiosis. We plotted r 2 against pairwise map distance for all diagnostic SNP loci identified at BM. Fig. 2a depicts results for chromosome 1, with linkage declining sharply in the first few kilobases, then more gradually and approaching zero near 60 kb. Linkage decay was apparent on other chromosomes examined (chromosomes 1, 5, 21 and 26 ( Fig. 2b) , chosen for their reliability in mapping). A similar pattern also emerged in analysis restricted to 'core' sequence regions (genes syntenous to T. b. brucei and L. major) (suppl. Fig. S6 ). In contrast to BM, analyses of linkage decay for EH and AR showed no relationship between r 2 and map distance. Rather, complete and intermediate linkage, as well as an abundance of random variant-associations, featured continuously through all distance classes on the same chromosomes surveyed in BM (e.g., chromosome 1, Fig. 2c-d) .
We estimated the frequency of meiosis (Nρ / Nθ) in our study populations by comparing two different estimates of effective population size. The first estimate, Nρ, is based on recombinational diversity observed in the sample and represents the number of cells derived from mating. The second, Nθ, is based on mutational diversity and represents the total number of cells, irrespective of sexual or mitotic origin (see Materials and Methods). As in linkage decay analysis, we considered the best-mapping chromosomes 1, 5, 21 and 26. Values of ρ for BM suggested ca. 3 meioses per 1,000 mitotic events in this group. By contrast, all approximations of ρ for EH and AR fell within confidence limits of the synthetic, non-recombinant 'FSC_n' control. These limits also contained ρ = 0 (Tbl. 2).
Evidence for chromosomal re-assortment, with or without linkage decay
Apart from disrupting sequence patterns within chromosomes, sexual mating breaks up associations between homologous chromosome-pairs. Given sufficient population diversity therefore, incongruent phylogenies built on the basis of chromosomal genotypes are expected. We came across many such cases in BM isolates of Cluster 1 ( Fig. 3 and Fig. S7 ). Ancestries among several isolates from Cluster 2 also appeared incongruent at the chromosomal level. Discordant chromosomal phylogenies were conspicuous for EH samples THY_3973_CL3 and THY_4333_CL3, which clustered either with other samples from EH (e.g., for chromosome 1 and chromosome 5; Fig. 3 ) or with individuals from AR (e.g., see Fig. S7 ). GE samples TGM_4146_CL4 and TGM_4169_CL5 also varied notably in chromosome-by-chromosome phylogenetic comparison. These samples, which occupied peripheral positions in previous genome-wide analyses (e.g., NeighborNet results - Fig. 1a ), generally paired with TCQ_3087 clones (e.g., for chromosome 1) but every so often cleaved to the base of the BM clade (e.g., for chromosome 5 and chromosome 19). We also recognized these varying affinities among EH, AR and GE isolates in supplementary DAPC trials at higher k-means solutions (e.g., see individual membership probabilities for k = 5 in Fig. S8 ).
Indications of non-Mendelian hybridization
Of 80,052 sites that differed from the TcI-Sylvio reference in EH, 62,036 also differed in AR, and >50% of this mutual polymorphism occurred as fixed heterozygous SNPs across the two groups. These observations (as well as various congruences in prior descriptive metrics (e.g., see Tbl. 1)) provided first indications of shared ancestry across isolates of Cluster 2. Additional analyses of haplotype differentiation and somy structure furthered this premise with possible signs of nonMendelian hybridization at the outset of highly heterozygous genomes found throughout Cluster 2.
In windowed haplotype analysis for Cluster 2, we found short patches of similarity in all betweengroup individual comparisons. Sudden drops in differentiation ranged within 60 -180 kb and scattered unsystematically throughout the genome. These patterns of between-group 'haplotype-sharing' appeared similar to those within BM (see Fig. S4c -d (left panel) and Fig. S4b (right panel) , respectively, for chromosome 1). Interestingly, patches of low differentiation between samples within groups of Cluster 2 often involved not one but two similar haplotypes, in other words, stretches of similar heterozygosity intervening otherwise dissimilar heterozygous sequence. Unlike haplotypesharing described above, this 'genotype-sharing' within groups of Cluster 2 extended far beyond 180 kb, often to the end of the chromosome (e.g., see pairwise comparisons within EH for chromosome 1 in Fig. S4b (left panel) ).
In somy analysis, chromosome-wide deviations in variant allele fraction and total read-depth suggested full-chromosome trisomies in ten samples from Cluster 2 ( Fig. 4a-b) , with highest rates in THY_3975, THY_4326 and THY_4332 clones (>10 trisomies each). Of 22 chromosomes with apparent trisomy, ten appeared trisomic in ≥5 samples, with similar biases apparent in EH and AR (e.g., chromosomes 19, 25 and 39) . Regardless of ploidy status, chromosomes differed little from another in average heterozygosity at variable loci (x ̅ = 43% and σ = 4.6% in both EH and AR; Fig.  S9 ), dropping below 30% only for chromosomes 14 and 41. We did not observe such rates of trisomy in Cluster 1 (BM). With the exception of TBM_2824 clones (trisomic for chromosomes 32 and 44), all BM isolates showed euploidy despite similar levels of intra-chromosomal read-depth variation. Most BM genomes showed severe reductions in sequencing coverage over chromosome 13. Such reductions did not occur in EH or AR (Fig. 4a) . Somy plots for all samples are provided in Fig. S10 . Fig. S10 includes results for the (euploid) reference strain as well as for all non-cloned samples, of which low-diversity infections such as MCQ_1491_MIX and THY_4327_MIX (see Fig. 1b ) mirrored monosomy/trisomy deviations in correspondent clones.
Mysterious homozygous migrants imply further parasexuality
TRT_3949 (sampled near EH but associated to Cluster 1) and TCQ_3087 (sampled in BM but associated to Cluster 2) were the only samples for which geographic and nuclear phylogenetic neighbors clearly did not match ( Fig. 1, Fig. S1 and Tbl. S1). They also provided the dataset's only cases of discordant nuclear vs. mitochondrial phylogenies. TRT_3949 clones carried a maxicircle genotype otherwise found only in Cluster 2 and TCQ_3087 clones carried a maxicircle genotype highly divergent to any other observed in the study ( Fig. S11 ; see also mitochondrial read-depth aberration (nearly 3 standard deviations above average) for TCQ_3087 clones in Tbl. S3). These were the only samples for which homozygosity preponderated SNP-variation throughout the nuclear genome ( Fig. 5a shows alternate allele frequency means in windowed analysis of chromosome 5; see analyses for other chromosomes in Fig. S3 and abundance of long runs of homozygosity in Tbl. S2). Making up just 10% total polymorphic loci, bi-allelic SNPs were found restricted to scattered patches, even the most heterozygous of which were predominated by homozygous sites. The extreme levels of overall homozygosity observed in these isolates did not attribute to certain chromosomes or to deviations in read-depth, and most homozygous sites (59 -69%) matched TcI-Sylvio alleles.
DISCUSSION
Meiotic sex and parasexual polyploidization in T. cruzi
Our comparative genomic analysis of 45 biologically cloned strains from an area of endemic transmission supports the remarkable conclusion that a) T. cruzi undergoes meiosis and b) that grossly disparate rates and mechanisms of genetic exchange occur simultaneously in a single T. cruzi focus.
In a subsection of the region (BM), signs of regular Mendelian sex abound. Genome-wide allele frequencies occur at HWE and ancestries among individuals fluctuate from chromosome to chromosome. Parasite genotypes on individual chromosomes appear equally mosaic: linkage decays to zero within 100 kb. We gauge that meiosis occurs more than once every 1000 reproductive events. In nearby populations EH, AR and GM, meiosis is essentially absent. Instead, the populations exhibit extreme heterozygosity and bear no signs of linkage decay. We do detect discordant chromosomal phylogenies among these parasites, but recombination estimates within chromosomes match those for synthetic, non-recombining controls. Strikingly, several EH, AR and GM isolates also present extensive aneuploidy and long tracts of low differentiation, inconsistent with long-term clonality alone. When clonality represents the primary basis for genetic variation in a landscape, polymorphism among separate demes is expected to predominate in the form of random, private heterozygous sites -a result of long-term mutation accumulation, the so-called Meselson Effect (32) . Ancestries are predicted to remain linked across non-homologous chromosomes (18) and discontinuities in genetic differentiation among individuals, if present, most likely result from mitotic gene conversion and thus manifest as absolute homozygosis on disomic chromosomes (33) . The highly heterozygous populations described herein do not fit this scenario. In light of disproportionate fixed heterozygosity observed among geographically separate demes, we instead consider full-genome hybridization as a primary driver of population genetic structure in EH, AR and GM. More specifically, we find that polyploid hybridization, closely linked to asexuality in various eukaryotes (34) (35) (36) (37) , better explains the karyotypic and genotypic patterns found in this study.
In the only genetic exchange event observed experimentally in T. cruzi to date (22) , parental genomes fused to tetraploid hybrids and then began erosion back toward the disomic state. This 'fusion-thenloss' process resembles parasexual programs known from pathogenic fungi (Candida spp.) and allows for independent chromosomal ancestries without intra-chromosomal linkage decay (38, 39) . Moreover, gene conversion in tetraploids can produce long tracts of increased identity on both homologues (i.e., referred to as 'genotype-sharing' in our results) without absolute homozygosis upon reduction to the disomic state (40) . This is especially true when genome erosion is biased against the retention of similar homologues, a condition that aligns with our results (e.g., we observed elevations to average homozygosity in just two chromosomes, not in fifteen (33%) as would be expected in the case of random chromosome loss). Long-range genome conversion is thought to be particularly common in polyploid genomes (41) and often accompanies hybridization in C. albicans, for which selective chromosome retention also appears to occur (42, 43) . While a number of other phenomena (e.g., failed meiosis (44), endo-reduplication (45)) apart from parasexual hybridization can comply with certain results from EH and AR (e.g., aneuploidy, independent chromosomal ancestry), they fail to reconcile others (e.g., absence of linkage decay, congruent aneuploidies) and include no empirically observed precedent.
Rationale for reproductive polymorphism in T. cruzi
As an extraordinarily eclectic, stercocarian parasite, T. cruzi spreads very inefficiently between a great diversity of vectors and hosts. These also vary immensely in transmission competence (46, 47) and availability (48, 49) and occupy an array of disparate niches (including the domestic-sylvatic interface). The parasite's life cycle thus likely represents a continuum of bottlenecks linked to frequent local extinction and recolonization events that increase levels of genetic drift and identity by descent (IBD). It may thus come to less surprise that observations of diffuse hybrid clonality around a restricted focus of sex in BM resemble spatio-temporal patterns of heterogony demonstrated in various other metapopulation systems (50) (51) (52) (53) (54) (55) (56) (57) (58) . Facultative sex often coincides with strong metapopulation structure, in which sexual variants are predicted to occupy core habitat (where population subdivision and inbreeding depression is minimized) while asexual variants disperse more freely without fitness costs from close IBD during frequent founding events (59) . In this study, mass elevation of Tajima's D offers support for both hybridization and bottlenecked clonal propagation in generating an excess of intermediate-frequency variants over EH and AR. Genome-wide elevations of Tajima's D observed at synonymous SNPs are expected when non-segregating, ancestral polymorphism outweighs the Meselson Effect (60, 61) -for instance, when clonal propagation from hybrid progenitors does not extend far into the past. Incomplete ploidy reduction (i.e., the presence of multiple trisomies) observed in several samples of this study also suggests hybridization as a relatively recent event.
Low connectivity between Mendelian and non-Mendelian groups
Our genotype-and haplotype-based summaries of co-ancestry indicate that the meiotic parasite population in BM is genetically segregated from others with a more complex, non-Mendelian past that occur in nearby EH and AR. Genetic discontinuity occurs consistently for samples collected within a few kilometers distance and despite evidence for vector/host co-infection and migration between divergent groups. Putative migrants, or progeny thereof, appear highly homozygous with extensive (nuclear) homozygosity and, in the case of TCQ_3087 clones, exhibit extreme maxicircle sequence divergence and depth. Such observations are reminiscent of L. major crosses formed in non-native vectors (62) ) and of irregular, biparental mitochondrial inheritance in transfected T. b. brucei (63) .
Unexpected and poorly repeatable hybrid genomes have arisen on a number of occasions in experimental Tritryps research (20, 22, 64) . Sensitivity to cryptic biochemical cues is clearly high, but the molecular signals that incite recombination and control mating compatibilities within these species remain essentially unknown (65). Our observations from the field do not identify such mechanisms but provide many relevant questions to explore. For instance, do ploidy barriers segregate non-meiotic cycles in T. cruzi as they do commonly in plants (66) ? Is certain monosomy (e.g., recall chromosome 13 in BM isolates) associated with mating locus activation and sex? Similar mating cassette control is reported in C. albicans (67) . Is extreme homozygosity a direct result of improper mating or a subsequent effect (gene conversion, selfing, etc.)? What are the adaptive processes that underpin switching between different reproductive modes?
Conclusions
Our work now demonstrates irrefutable evidence of meiotic sex in T. cruzi, alongside complex parasexual reproduction and clonal parasite propagation. Complex mating structures are of acute relevance to Chagas disease control. Recombination implies that important epidemiological traits are transferable, not locked into stable subdivisions in space and time (for case in point, consider, e.g., SRA-gene transfer from T. b. rhodesiense to T. b. brucei (12, 13) . Recombination also allows for pivotal disease features to arise de novo and is likely to have spurred major changes in T. cruzi transmission, including adaptation to the domestic niche (68, 69) . Our data suggest that recombination may continue to transform contemporary disease cycles, as suggested for Toxoplasma gondii (70) and in Leishmania spp. (71) (72) (73) . The proven presence of a sexual cycle in T. cruzi should now reinvigorate the hunt for the site of genetic exchange, as well as its cytological mechanism. An in vitro model for meiotic genetic exchange in T. cruzi will dramatically improve our ability to test the genetic basis of key epidemiologically relevant phenotypic traits -virulence, pathogenicity, drug resistance, etc. Determination of such traits may underpin future efforts to control and treat Chagas disease.
MATERIALS AND METHODS
Parasite collection and cloning
Trypanosomes were isolated from triatomines (Rhodnius ecuadoriensis, Panstrongylus chinai, P. rufotuberculatus, and Triatoma carrioni), rodents (Rhipidomys leucodactylus, Simosciurus nebouxii) and bats (Artibeus fraterculus) captured between 2011 and 2015 in eastern Loja Province, Ecuador. Capture coordinates, dates and ecotypes (i.e., domestic, peri-domestic or sylvatic) are provided in Tbl. S1 and associated protocols are detailed in previous studies led by the Center for Research on Health in Latin America (CISeAL) (74) . Individual parasite cells were cloned on solid medium to derive single-strain colonies following Yeo et al. 2007 (75) . Complementary to 19 non-cloned primary cultures, this process yielded 64 axenic monocultures for subsequent DNA extraction and sequencing.
DNA sequencing and variant discovery
Genomic DNA was extracted from 83 T. cruzi cultures by isopropanol precipitation. DNA was sonicated and size-selected (median insert size = 198 nt; median absolute deviation = 69 nt) by covalent immobilization prior to paired-end sequencing on the Illumina HiSeq 2500 platform. To guide variant discovery from resultant 2 x 125 nt sequence reads, we optimized reference-mapping and SNP-calling pipelines using paired-end Illumina reads (kindly provided by Carlos TalaveraLópez) for T. cruzi TcI X10/1 (termed 'TcI-Sylvio' elsewhere in the text) against the newly available PacBio sequence for the same reference strain (29) (77)). Individual records produced by the 'HaplotypeCaller' algorithm were subsequently merged for population-based genotype and likelihood assignment (GATK 'GenotypeGVCFs'). Next, we calibrated variant filters by incrementally tightening thresholds for genotype quality (QUAL), readdepth (D) and local polymorphism density (C) until non-reference homozygous SNP-calls for TcISylvio reached asymptotic decay. We then applied masks to exclude variant-calls where short-read alignment performed unreliably, that is, where 'virtual mappability' (V) (measured following Derrien et al. 2012 (78) ) scored less than 100%. These regions represented areas of low sequence complexity and/or redundancy and made up large fractions of all reference chromosomes (Fig. S12a-b) . With the above filters in place (QUAL > 1500; 10 > D < 100; C < 3 SNPs per 10 nt; V = 1), samples retained tens of thousands of homozygous alternative variant loci, whereas TcI-Sylvio Illumina vs. TcI-Sylvio PacBio showed just 58. Nevertheless, the guide-sample presented ca. 20,000 small insertions and ca. 1,000 small deletions relative to the reference. We placed an additional mask ±3 nt around these positions to avoid potential faults in the published genome. Final masking thus disqualified a total of 24 Mb (including all of chromosomes 17, 40 and 47) from polymorphism analysis. This highly conservative, diagnostic variant-screening approach also led us to exclude 24 low-depth samples for which genotypes could not be assigned at more than 40% variant sites. The final set of SNPs (in 59 samples) were annotated using the TcI-Sylvio annotation file (http://tritrypdb.org/common/downloads/Current_Release/TcruziSylvioX10-1/gff/data), and the effect of each variant on sequence expression was predicted using SnpEff v4.3t (79) .
Computational phasing of heterozygous SNP sites
Heterozygous SNP sites were phased over 30 iterations in BEAGLE v4.1 (80) . The algorithm also imputes missing genotypes from identity-by-state segments found in the data (81). For haplotype coancestry and general phylogenetic analysis, we restricted imputation to sites containing information for >60% samples. Later, for quantitative phylogenetic analysis, however, we refrained from genotype imputation, i.e., used only sites with genotypes called in all individuals of the dataset.
Detection of population genetic substructure
We used the Neighbor-Net algorithm in SplitsTree v4 (82) to visualize genome-wide phylogenetic relationships among samples in split network representation. Neighbor-Net extends Satou and Nei's neighbor-joining algorithm to accommodate evolutionary processes such as recombination and hybridization that lead to non-treelike patterns of inheritance. We also optimized a general timereversible (GTR) substitution model with ascertainment bias correction (for accurate branch lengths in the absence of constant sites) to construct phylogenies from proportions of non-shared alleles, i.e., considering two haplotypes per variant site. Haplotype concatenations were also used to derive a minimum-spanning network, the set of edges that links nodes (individuals) by the shortest possible cumulative distance (i.e., maximum-parsimony). We inferred genetic subdivisions in the sample-set by unsupervised k-means clustering and discriminant analysis of principle components (DAPC) (83) . These analyses applied genetic distances as the proportion of non-shared genotypes at all variant loci (i.e., considering variants at the genotypic level), as did Neighbor-Net and subsequent measurements of FST. After phasing heterozygous SNP sites (see above), we used fineSTRUCTURE v2.0.4 (31) to recover traces of identity-by-descent in similar haplotypes. This program was recently used to expose hybridization events in congeneric T. congolense (17) , as well as to disentangle reticulate ancestries in the closely-related L. donovani complex (77) . The built-in 'Chromopainter' algorithm (adapted from Li and Stephens (2003) (84)) constructs a semi-parametric summarization of co-ancestry among all pairs of individuals based on variable rates of haplotype-sharing and linkage disequilibrium across sample genomes. We applied fineSTRUCTURE over a uniform recombination map, running 6 · 10 5 Markov chain Monte Carlo (MCMC) iterations (1 · 10 5 iterations burn-in) and 4 · 10 5 maximization steps in the final tree-building step. Following indications of mosaic inheritance in these analyses, we assessed phylogenetic (dis)continuity by comparing genotype-trees built for individual chromosomes as well as haplotype-trees built for phased segments (20 kb) within chromosomes. These analyses only considered windows with >200 SNP sites and brought general intra-chromosomal ancestry patterns into view, but we referred to separate distance matrices based on haplotypes phased without imputation (see previous section) to quantify changes in genetic similarity between windows within chromosomes. Both chromosomal and intra-chromosomal phylogenies were built using neighborjoining as implemented in 'ape' v5.1 in R (85) .
Analyses of population genetic diversity and linkage
To assess population-level genetic diversity, we calculated site-wise nucleotide diversity (π), Watterson's theta (θ) and FIS using 'hierfstat' v0.04-22 in R (86) . FIS values rate heterozygosity observed within and between individuals, varying between -1 (all loci heterozygous for the same alleles) and 1 (all loci homozygous for different alleles). Values at 0 indicate Hardy-Weinberg equilibrium. We also measured rates of shared and private allele use (e.g., proportions of fixed heterozygous and singleton sites), assessed variant neutrality based on Tajima's D, quantified haplotype diversity by counting unique haplotypes per 30 kb, and scanned for long runs of homozygosity using VCFtools v0.1.13 (87) .
To determine linkage patterns within chromosomes 1, 5, 21, and 26 (the genome's best-mappable chromosomes -see Fig. S12a-c) , we recoded sample genotypes with values of 0, 1 or 2 to represent the number of non-reference alleles at each variant site. After filtering out all SNP-pairs separated by masked sequence (in effect, confining analysis to sites separated by <100 kb), we measured linkage (r 2 ) as the correlation between genotypic allele counts in PLINK v1.90. We then binned r 2 into distance classes (from 0 to 100 kb in increments of 2 kb) to visualize relationships between map distance and linkage disequilibrium in R. These analyses were also run separately on core sequence areas, as defined by areas of synteny among TcI-Sylvio, T. b. brucei and L. major annotated at http://tritrypdb.org. Intra-haplotypic recombination is unlikely to accompany meiotic crossover events in these areas of the genome (29) .
Estimation of meiotic vs. mitotic division
Following methods established to quantify complex microbial life cycles (88), we inferred the frequency of sex and clonality in T. cruzi isolates by comparing two different estimates of effective population size. The first estimate, Nρ, is based on recombinational diversity observed in the sample. Nρ represents the number of cells derived from mating, i.e., the number of zygotes present in the population, and is calculated as ρ / 4r (1 -F) , where ρ denotes nucleotide covariation between sites, r denotes rate of recombination per bp per generation, and F represents Wright's inbreeding coefficient. The second estimate, Nθ, is based on mutational diversity observed in the sample. Nθ represents the total population size, i.e., the number of cells irrespective of sexual or mitotic origin, and is calculated as θ (1 + F) / 4μ, where θ denotes nucleotide variation at single sites and μ denotes the rate of mutation per bp per generation. Nρ / Nθ thus quantifies the frequency of meiotic reproduction in the population. To estimate this quotient from our sample, we derived θ from Watterson's estimator at non-coding sites and derived ρ based on reversible-jump MCMC likelihood curves generated by the 'interval' program in LDhat (89) . We used 1·10 7 MCMC iterations with 2,000 updates between samples and block penalties set to five. We estimated r from the equation r = 0.043 · S -1.310 and μ from the equation μ = 2.5866 · 10 10 · S 0.584 . These regression models were developed in Rogers et al. 2014 (19) based on the observation that genome size (S) correlates strongly to rates of recombination and mutation in unicellular eukaryotes. We validated ρ estimates by simulating input for LDhat in two ways. First, we created sequence alignment maps for ten non-recombinant individuals based on observed genotypes using BAMSurgeon v1.0.0 (90). Maps were set up for each individual by inserting fixed polymorphisms from the true sample set into TcI-Sylvio sequence reads, then spiking in random mutations at rates corresponding to the average number of pairwise differences in the observed data. Individual SNP records for the ten mutant alignment files were then compiled and merged to variant-call-format (VCF) in GATK as outlined above. In the second approach, we used fastsimcoal2 v5.2.8 (91) to simulate ten non-recombinant and ten recombinant genotypes, applying r and μ from above equations to an effective population of 100,000 diploid individuals under a finitesites model of evolution for chromosome 1.
Chromosomal somy analysis
To estimate somy levels for each sample, we first measured mean-read-depth for successive 1 kb windows spanning each chromosome. We then calculated the median of these windowed-depthmeans (m), i.e., a 'median-of-means' (Mm), for each chromosome. After testing at various distribution points, we let the 30 th percentile (p30) of (skewed) Mm values represent expectations for the disomic state, estimating copy number for each chromosome by dividing its Mm by the sample's p30 value and multiplying by two. This procedure produced estimates of disomy for all chromosomes of the TcISylvio guide-sample and outperformed techniques based on different window-sizes as well as those refined according to sequence annotation (e.g., only single-copy genes) or mapping quality (data not shown). We validated cases of chromosomal copy number variation by plotting kernel densities for m, as well as by assessing raw depth and alternate allele frequencies across variant sites. True, wholechromosomal trisomy, for example, should translate to chromosome-wide elevations in read-depth and reductions in minor allele contributions to ca. 33% (i.e., one 'B' and two 'A' alleles -and, in cases of tri-allelism, one of each 'A', 'B' and 'C' alleles) at all heterozygous (i.e., 'A/B/B' or 'A/B/C') sites. Intra-chromosomal amplification, in contrast, should create local shifts in read-depth and allelic composition within chromosomes. (b) Heatmap of co-ancestry based on a sorted haplotype co-ancestry matrix xij, which estimates the number of discrete segments of genome i that are most closely related to the corresponding segment of genome j. These 'nearest-neighbor' relationships from fineSTRUCTURE (31) analysis are sorted such that samples clustered along the diagonal are those that most share recent genealogical events and pairwise comparisons outside of the diagonal indicate levels of genetic connectivity among these clusters. The matrix also includes 'genomes' of non-cloned T. cruzi I cultures. Strong horizontal banding points to the accumulation of diversity from throughout the dataset in three of these original infections.
The upper right inset shows sampling regions in Loja Province, Ecuador. Region labels are abbreviated as in the co-ancestry matrix. Point sizes correspond to sample sizes and colors correspond to cluster membership (see network). Estimates of Wright's FST (Weir and Cockerham's method) at various subdivisions are provided on the lower right. (a) We distinguished chromosomal and intra-chromosomal copy number variation by evaluating sequence read-depth kernel density distributions. For example, these distributions suggest multiple cases of whole-chromosome somy elevation (highlighted in red) for El Huayco isolate THY_4332_CL2 (bottom right). Several isolates from El Huayco and Ardanza present similar patterns (see Fig. S10 for more density plots), as summarized in the heatmap at left. Read-depth densities suggest few cases of whole-chromosome somy elevation for isolates from Bella Maria (e.g., TBM_2823_CL4 and TBM_2824_CL2 at right). However, mapping coverage drops dramatically (yellow) on chromosome 13 in most isolates of this group.
(b) Chromosome-wide shifts in sequence read-depth (blue) and alternate allele frequency (black) support whole-chromosome aneuploidies inferred from read-depth kernel density distributions above. In El Huayco isolate THY_4332_CL2 (left column), for example, read-depth is elevated over the entirety of trisomic chromosome 19 (sequence positions are plotted on the x-axis). Alternate allele frequencies at heterozygous sites also distribute around values of 0.33 and 0.67 on this chromosome (as compared to frequencies around 0.50 on disomic chromosome 18). Cases of intra-chromosomal copy number variation for sample THY_4332_CL2 are marked by local shifts in read-depth and alternate allele frequency on chromosome 7. Comprehensive read-depth reduction on chromosome 13 is exemplified for Bella Maria isolate TBM_2823_CL4 (right column). Alternative allele frequency values of 0 (indicative of the reference allele) predominate on this chromosome. Patterns on chromosome 7 and 18 also point to intra-chromosomal copy number variation and stable disomy, respectively, for the TBM_2823_CL4 isolate. (a) Maxicircle sequence variation among all samples except TAZ_4172_CL3 (missing information at 44% sites) is represented as a TCS network (93) . Black tick marks between nodes indicate number of mutations between different maxicircle genotypes. Node sizes correspond to the number of samples represented by the particular maxicircle variant. Green and blue fill colors signify Cluster 1 and 2 membership, respectively, as defined from nuclear phylogenetic analysis (Fig. 1) . TCQ_3087 clones are extremely anomalous with 668 diagnostic SNPs relative to other isolates of Cluster 2. (a) Masks applied to the TcI-Sylvio reference genome based primarily on 'virtual mappability' (78 MBM_1466_CL1  MBM_1466_CL3  MCQ_1491_CL2  MCQ_1491_CL3  TBM_2795_CL2  TBM_2795_CL5  TBM_2823_CL3  TBM_2823_CL4  TBM_2824_CL1  TBM_2824_CL2  TBM_3297_CL2  TBM_3297_CL3  TBM_3329_CL1  TAZ_3961_CL1  TAZ_3961_CL2  TAZ_3964_CL3  TAZ_4172_CL2  TAZ_4172_CL3  TAZ_4173_CL1  TAZ_4173_CL5  TAZ_4174_CL3  TAZ_4174_CL4  TAZ_4177_CL3  TAZ_4177_CL4  TGM_4146_CL2  TGM_4146_CL4  TGM_4169_CL5  THY_3973_CL3  THY_3975_CL3  THY_4326_CL1  THY_4326_CL3  THY_4327_CL1  THY_4330_CL2  THY_4330_CL3  THY_4332_CL2  THY_4332_CL3  THY_4333_CL3  THY_4334_CL1  THY_4334_CL5  TCQ_3087_CL3  TCQ_3087_CL4  TRT_3949_CL3  TRT_3949_CL5  1 
